The microwave spectrum of trans-2,3-dimethyloxirane (CH 3 CHOCHCH 3 ) in the excited torsional states u 17 = 1 and v i3 -1 has been measured in the range from 8 to 26 GHz and assigned. An analysis of internal rotation splittings of the observed rotational transitions was performed using the internal axis method (or "combined axis method") with a newly developed program accounting for the top-top coupling. The threefold hindering potential V 3 and the direction cosines /. g of the internal rotation axes i with respect to the principal inertia axes g are in a good agreement with the ground state values. Additionally, the sixfold hindering parameter V t was found to be -0.2600(12) kJ/mol. The value of the parameter V[ 2 describing the top-top coupling in the potential function (via V[ 2 sin3r! sin3i 2 ), was determined to -0.4240(6) kJ/mol.
Introduction
The vibrational ground state microwave spectrum of trans-2,3-dimethyloxirane (trans-epoxy-butane, "TEB") was first assigned by Emptage in 1967 [1] , He was able to determine the threefold barrier to internal rotation V 3 of the two methyl groups, yielding a value of 2444(150) cal/mol (10.216(627) kJ/mol). Further investigations [2] utilized the high resolution of molecular beam Fourier transform microwave spectroscopy [3, 4] , With these precise measurements the value for V 3 was improved, additionally the moment of inertia I T i of the methyl group i and the angles between the torsion axis and the principal axes of inertia g were determined by an analysis of the internal rotation splittings. The angle x t labels the internal rotation of the top i, in the literature also often denoted as a.
As Emptage pointed out, TEB is a test molecule to study the interaction between the two methyl groups, because it can be easily compared with methyloxirane (propenoxid, CH 3 CHOCH 2 ) and cis-2,3-dimethyloxirane. It turns out that the internal rotation barrier V 3 of TEB is quite similar to the one of methyloxirane (10.71 (29) kJ/mol), but the barrier of cis-2,3-dimethyloxirane (6.89(2) kJ/mol) is significantly lower. The reason for this change is explained by a different top-top interaction according to the different steric positions of the methyl groups. The similar values of the barrier V 3 in TEB and methyloxirane, were no Reprint requests to Prof. Dr. H. Dreizler. top-top coupling appears, supports the expectation that the top-top coupling in TEB is relatively small.
In order to obtain direct information about the coupling between the two methyl groups, the ground state measurements are not sufficient. Durig and coworkers [5] recorded IR-and Raman spectra of TEB and presented a vibrational analysis. They were able to verify the value of the potential barrier V 3 as obtained from microwave spectroscopy, furthermore they determined the potential parameters V 6 and V{ 2 . In this paper we present the analysis of the rotational spectrum of trans-2,3-dimethyloxirane in the symmetric and antisymmetric torsional modes u 17 = 1 and v 33 = 1. The simultaneous fit of both states allows to determine the potential parameters V[ 2 [6] . This potential parameter describes the energy difference between the u 17 and v 33 states, together with a kinetic term proportional to F 12 in the Hamiltonian given below.
Furthermore, we describe the theoretical background for the analysis of the internal rotation splittings by means of the so called "internal axis method" as given by Woods [7, 8] . To avoid confusion with the "internal axis method" of Nielsen [9] for molecules with one internal rotor, we refer to the method used as the "combined axis method" (CAM).
Hamiltonian
The Hamiltonian for a molecular model consisting of a rigid asymmetric frame and two rigid symmetric 0932-0784 / 96 / 0800-0923 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen internal rotors is given by several authors, e.g. [6, 10, 11] . We will use the form
(1)
The rigid rotor part H TT contains the structural moments of inertia
with the angular momentum operator P = (P x ,P y ,P.) and the tensor of inertia I. The T symbol denotes a transposed matrix. The operators Hj and H 2 result from the internal rotation of one top and include all crossterms between overall and internal rotation (Coriolis-coupling):
The angle T, describes the torsion of the top i (i = 1, 2) relative to the frame, the operator p t is the angular momentum operator p f = -I' 9/ÖT,-of the internal rotation. 
The vector g ( of the /-th top is defined by
where is a vector of unit length parallel to the internal rotation axis. The components /. x , ). y and /, are direction cosines, they are often (especially in the PAM) important parameters in the fit. / T , is the moment of inertia of the top i. The elements F t r of the matrix F are given as
The matrix X is a 3 x 2 matrix built from the column vectors and x 2 in the following way: X = (jc t , x 2 ). It should be noted that the formulas in this chapter are not related to a specific coordinate system.
Coordinate System
The Hamiltonian (1) is known for a long time and several methods for the numerical treatment are proposed in the literature [12] . Closely correlated is the choice of coordinate systems; the principal axis and the internal axis methods (PAM and IAM) are often discussed in this context. In the case of one internal rotor, Hougen et al. [13] pointed out three useful ways of defining a molecule oriented coordinate system: (i) the principal inertial axis system. Its position refered to the rigid frame and rigid top molecular model is invariant to internal rotation as the top is assumed to be symmetric, (ii) The internal axis system, initially described by Nielsen [9] , rotates with respect to the frame as well as to the top in a way, that no coupling between the torsional motion and the overall rotation occurs explicitly. On the other hand the elements of the tensor of inertia become dependent on the torsional angle T, the boundary conditions for the eigenvalues are modified, (iii) The "rho axis system" is fixed in the molecular frame but is orientated with respect to the internal rotation axis of the top. Choosing the z' axis of a new coordinate system collinear with the vector Q, only coupling between the internal rotation angular momentum p, and P : , the component of the overall angular momentum, remains. We call the method based on this coordinate choice "rho axis method" (RAM).
For two internal rotors the situation is different. In a general case it not possible to find a coordinate system where the angular momenta of both internal motions vanish simultaneously. If the two tops and the internal rotation barriers were different, one could think of appling these techniques for one top (IAM or RAM) to the top with the strongest coupling, but the other top has to be treated without any simplifications.
Because in TEB and other molecules both tops are equivalent, it is desirable to use a theoretical treatment which respects this equality. Here the principal axis system is the convenient choice for an initial coordinate system. Consequently the moments of inertia can be obtained most easily. It should be noted that several authors used the idiom IAM for a special technique first introduced by Woods [8] to calculate the spectrum of molecules with two or more symmetric internal rotors. In spite of the name IAM. this method also uses the principal axis system in the last step of the calculation. To avoid this ambiguity of the idiom IAM, we will refer to the method of Woods as the Combined Axes Method (CAM) because its utilizes a combination of several different coordinate systems during the calculation. For each top a separate rho axis system is defined and eigenvalues of an adapted part of the Hamiltonian connected with the internal rotation of this top are calculated. Finally the eigenvalues in the initial principal axis system are determined. Details are given below.
Numerical Solutions
To obtain eigenvalues of the Hamiltonian (1), several methods are discussed in literature. The oldest technique utilizes a van Vleck transformation, as described in [11] and [14] . This method has also been applied to analyze torsional excited states of two-top molecules [15] .
Another approach which became suitable with increasing computer capability was based on the numerical diagonalization of a truncated Hamiltonian matrix [16] . The applied basisfunctions are products of suitable rotational and torsional functions. The extension of the method to excited states was presented by Meyer [17] , he also used a K dependent prediagonalization scheme to reduce the size of the matrices.
A third method was introduced by Woods [7, 8] and later extended by Vacherand et al. [18] . This method is traditionally called IAM, but we will use the notation "CAM" to distinguish it from the coordinate system introduced by Nielsen [9] . Even though Woods gave theoretical formulas to include the two-top interaction operators which are necessary to calculate the torsional excited states, only ground state transition have been analyzed with this technique so far. We have implemented these operators in a program XIAM [19] . As a result we were able to fit the torsional excited states of TEB using the CAM technique.
In the CAM the main coordinate system is the principal axis system of the rigid frame rigid top molecule. Therefore, the Hamiltonian 77 rr is straightforward:
The Hamiltonian 77, for one internal rotor (i = 1, 2) is given in a different way. Because each internal rotor is treated independently, we will omit the index i in the next section. The following procedure must be carried out for each top successively. Starting in the principal axis system, a contact transformation using the rotation operator D is performed to eliminate the g x P x p and Q y P y p Coriolis coupling terms. This contact transformation has its geometrical equivalent in a rotation of the coordinate system. In the rotated system the z axis is aligned parallel to the vector Q, where Q is a vector fixed in the frame of the molecule ( Figure 1 ). This rho axis system is described in [13] . The rotation is accomplished with the Euler angles ß and y,
with the components g g in the principal axis system. sinß 0 cosß J\ 0 0 1 / (10) Here, the third Euler angle a is not used, we fix it to zero. Thereby, the Euler coordinates degenerate to polar coordinates or, in terms of operators, the rotation is performed by the operator
In a second step, the opposite transformation D~l must be accomplished to retain 77 in the principal axis system. This leads to
The Hamiltonian //, in the principal axis system can be now written by means of the polar coordinates g, ß and y:
The eigenvalues of (12) can be calculated conveniently, because all matrix elements are diagonal in the rotational quantum number K. Using the free rotor functions for the torsional part and the symmetric rotor functions | JMK}, one obtains the eigenvalues E k caf and the eigenfunctions | J M K v K o, i>, where v K is the torsional quantum number of a state depending on the value of X, and o labels the torsional symmetry of one top (A or E). Because K is still a good quantum number, the t,-dependent basis functions can be factored in the following way:
The angles cf), 9, and / are the Euler angles describing the rotation of the whole molecule in space. The torsional part of the eigenfunctions is sometimes written as | K v er, i) [7] , but we prefer to write K as an index here. Because external electric or magnetic fields will not be considered here, the M quantum number will be omitted now.
The basis functions for the total Hamiltonian H Eq.(l) are the product of the symmetric rotor functions | J K) and the K dependent torsional functions | v K a, 1) | v K a, 2) of each top. The matrix elements of H, in the principal axis system are calculated by transforming the eigenvalue matrix of H-obtained in the rho axis system, where it is diagonal, back to the principal axis system. This is shown here for the first top (i = l):
The matrix elements
'). (16)
As noted above, the angle a is set to zero, but a would cancel out in (15) matrix using Clebsch-Gordan coefficients [7] . The matrix elements of the top-top interaction operator H 12 can be derived in a similar manner. First, it is necessary to calculate the matrix elements of (Pisin(3r,), and cos(3r,) numerically in their own rho axis system. They are diagnonal in X, but have off-diagonal elements in v. Then, they are transformed into the principal axis system analogous to the above procedure (15):
In (17), 0 JKK vv o , represents a matrix element of one top (e.g. py) in the principal axis system, whereas Okw c, i stands for an element in the rho axis system. The matrix elements of a product of two operators Oy Ö 2 of different tops are
Finally, the matrix elements of the rigid rotor part
The energy matrix of the complete Hamiltonian (1) is the sum of matrix elements of the rigid rotor part, of the transformed eigenvalues of each top (15) and of the matrix elements of the two-top operator H l2 as shown in (18) .
The numerical advantage of this CAM treatment is the fact, that the off-diagonal matrix elements in v generated by the operators /7 rr and H ( can be neglected. This results from properties of the torsional integrals <v K er, i \ v' K . er, /) in the high barrier limit [21] . The quantity s f indicates the reduced barrier height of the top i, it is defined as s f = 4 V 3i /9F U .
We use this approximation in the transformation of the operators from the rho system into the principal axis system in (15) . Hence, the resulting matrix is blockdiagonal in v. In the rigid rotor part (19) we also neglect the off-diagonal matrix elements by setting
but for the diagonal terms in v we use the torsional integrals analogous to the formulas given in [18] . If only the truncated Hamiltonian H rr + H^ + H 2 is regarded, like it is mostly done for ground state calculations, no matrix elements off-diagonal in v occur. In this case the dimension of the energy matrix is 2 J + 1.
If top-top coupling terms are introduced, more torsional basis functions have to be used, because the operators (p, -o, A) and sin(3i,) introduce large offdiagonal elements in v. The ground state torsional basis function | v K = 0 er, 1) | v K = 0 <7,2) (abbreviated |Oer, 1) |Off, 2)) is connected with the excited state |y x = 1(T,1>| v K = 1CT,2> (or 11 a, 1) 11 a, 2». Furthermore, a strong coupling between the first excited states 11 a, 1>| Oer,2) and | Oer, 1 > | 1 <x,2> occurs. Therefore, to calculate the first torsional excited states it is necessary to use the torsional basis functions 10 a, 1 > 11 er, 2) and 11 <r, 1 > 10 <7,2). This increases the size of the matrix to 2(2J + 1).
In (17) we do not use the fact that p,, sin t ( -and cos r ( -commute with D, . Instead we perform the multiplication (18) using the D, operators for all matrix elements obtained in the rho axis systems. Test calculations showed that omission of this transformation for the independent operators p t , cos 3 t,-and sin 31,-gave worse results compared with the program written by Meyer [17] . Using the transformation, similar results are obtained.
Symmetry and Spin Statistics
The molecular symmetry of trans-2,3-dimethyloxirane is C 2 . The operations leaving the Hamiltonian invariant are elements of the direct product group C 3 -, ® C 3 + [22] , The spin exchange group of the eight hydrogen atoms is also isomorph to CJ t . ® C 3 . The nuclear spin of hydrogen (7 = 1/2) leads to spin statistical weights as given in [23] . Because the torsional state i? 33 = 1 is an antisymmetric state, the correlation between the symmetry elements of the Four group (labelled by the odd or even and K + quantum numbers) with the species of C iv~ ® C 3 is exchanged, as shown in Table 1 . The effect of this reversed spin statistics can be seen in Figure 2 . It shows the same transition in different torsional states, leading to different intensities for A and E + transitions. The G and E_ transitions are not affected.
Measurements and Assignment
The sample of TEB was purchased from Aldrich, Steinheim RFG, and was used without further purification. The spectrum was recorded using our waveguide Fourier transform microwave spectrometers in the range from 8 to 26.4 GHz [24, 25] . The temperature in the cell was kept at about 233 K, the pressure at about 0.05-0.1 Pa. It should be noted that these spectrometers do not utilize a molecular beam. The very low temperature in the beam permits the observation of rotational transitions in the torsional and vibrational ground state only.
Due to its C 2 symmetry TEB has one permanent dipole moment component along the b axis, the magnitude of n b was determined by Emptage to 2.04 D [1] . The rotational transitions of TEB in the excited torsional states are generally shifted to lower frequencies compared to the well known ground state lines. The assignment started by identifing the J k -.K+ = ~ JO.J transitions by their characteristic tor- Table 1 . Symmetry labels and spin statistical weight factors. (j j and a 1 labels the symmetry of the torsional basis function of top 1 and 2 (0 = A, +1 = E). e and o designate the even or odd K_ K + quantum numbers in the rigid rotor limit.
Abbr. reizler • The Microwave Spectrum of trans-2,3-Dimethyloxirane sional fine structure pattern influenced by spin statistics. The magnitude of the splitting is about a factor of 30 larger than in the ground state. Because the differences A-C of the rotational constants A and C in both excited states are very similar, the respective b-type transitions with low J appear at almost the same frequency (see Figure 3) . Using the known angles between the internal rotation axes i and the principal axes g for the ground state it was possible to do an initial fit of the V 3 and V[ 2 values. With the resulting predictions the other transitions were assigned easily. The list of observed transitions is given in Table 2 . The symmetry species are abbreviated A, G, E + and £_. The correlation of these species to the species of the invariance group C 3v of the Hamiltonian is given in Table 1 . We used the A species of each transition to calculate the rotational constants and centrifugal distortion constants of each state (Table 3) . To keep correlations small, the fitted parameters are linear combinations of the rotational constants:
Since correlation coefficients are unreliable in the case of more than two parameters [26] , the dependencies of the parameters in the fit are represented by the freedom values given in Tables 3 and 4 . Additionally, two correlation matrices are shown. A small freedom value indicates a highly correlated parameter, a freedom value of unity means no correlation. The rotational constants in Table 3 were calculated taking the internal rotation into account, they are not the rotational constants of a rigid rotor applied to the A lines. So they can be regarded as the structural rotational constants for this torsional state.
To distinguish between the v 17 and the v 33 torsional state the spin statistics gave us very helpful hints. The spin statistical intensities allowed to distinguish both states clearly. It turned out, that the symmetric v 17 torsional state is below the antisymmetric v 33 state, because the v 17 = 1 transitions show a little higher intensities in the spectrum.
Internal Rotation Analysis
The internal rotation of the two equivalent methylgroups leads to a splitting of the rotational transitions into four components labeled A, G. E + and £_. Be- cause TEB has a high barrier to internal rotation, the resulting pattern is split several megahertz only, and the internal rotation is clearly separable from the rigid rotor Hamiltonian describing the absolut position of the pattern itself. Because TEB is an only slightly asymmetric top, the energy levels of the high quantum numbers are almost equal. The internal rotation perturbation on these nearly degenerate levels leads to strong effects, consequently, relatively wide splittings of the high K _ transitions can be observed.
To determine the internal rotation parameters we used the differences Av of the frequencies v between the A and the other three components only. This procedure has two advantages: (i) the splittings Av are strongly dependent from the internal rotation parameters but less dependent from the rotational constants, (ii) the standard deviation of this fit shows directly the accuracy of the internal rotation model used here. A global fit instead, mixes the internal rotation model and the centrifugal distorted rotor model (Watson A reduction), and the differences between the observed and calculated values for each frequency contain the errors of both. No distinction between both models can be made in this case. It should be mentioned that a separation between the internal rotation splittings and the absolut frequencies described by a rigid rotor is only true in the case of a high barrier V 3 . For low barriers, only a global fit is possible.
At first we fitted the splittings of the first excited torsional states v l7 = 1 and t> 33 = 1 (see Table 1 ). We used the torsional basis functions |0er, 1) 11 er, 2) and 11 er, 1) 10 er, 2), where 0 or 1 is the torsional quantum number v of the first or second top. No symmetry adaptation according to the equivalent tops was used. We fitted the moments of inertia I z x = / T 2 of the two methyl groups, the potential parameters V 3 and V[ 2 , and the angles between the internal rotor axes and the principal axes. Because the three angles of one top are not independent, since A 2 + A 2 -I-A 2 = 1, we choose the polar coordinates Ö and e to describe the position of the internal rotor axis in the principal axes system. This is analogous to the definition of ß and y for the position of the vector g in the principal axes system. For each iteration the parameters /?,• and y f , which are essential in the CAM, are calculated from the varied <5, and values. The derivatives of the frequencies to the fitted parameters were obtained numerically by a difference quotient.
Since only the splittings are used as input data, the absolute frequencies and therefore the rotational constants are of inferior importance for the fit. We fixed the rotational constants to the value of the ground state. Furthermore, we assumed that the angles d { and e, are equal for both torsional states. The C 2 symmetry of the molecule leads to the following relation for the ). g ; values of both tops (see Fig. 5 of [2] ):
Using the V representation, the following relations for the c), and e ; parameters are obtained. 
The standard deviation of the fit. including 81 observed splittings, is about 12 kHz, at a root mean square splitting of about 5 MHz. All input data have similar experimental errors, because they are measured with the same type of spectrometer. Hence, all frequencies have the same weight in the fit.
In a second fit, we additionally included the ground state transitions from [2] and were able to determine the potential parameter F 6 together with the above mentioned constants. Another additional fit was made with the same input data as fit 1. but we fixed the value of V 6 to the one obtained by fit 2. The results of all three fits are compiled in Table 4 .
Discussion
In the present paper we report on an analysis of the torsional excited states in the microwave spectrum of trans-2,3-dimethyloxirane. We successfully utilized the combined axis method (CAM) to fit the internal rotation parameters to the observed splittings and to obtain the potential parameters F 3 . V 6 , and V[ 2 . In former publications on two top molecules the CAM was used only for the ground state transitions; we now proved that it is also a powerful technique to analyze the microwave spectrum of molecules in torsional excited states. The advantage of the CAM over the principal axes methods diagonalizing a truncated energy . As in the analysis of the low resolution IR-and Raman spectra higher states were included, the difference is not astonishing. Table 4 ) yields a value of VI 2 --13.2 cm" ^ Using our microwave parameters of Table 4 , we find that the energy difference of the v in and v 33 fundamentals should be 29 cm" l . The contribution of the kinetic parameter f 12 to this splitting is about 13 cm" \ whereas in our data the potential parameter V[ 2 adds about 15cm" 1 , but only about 6 cm" 1 if the IR-and Raman data are used. Ab-initio calculations [28] result in an energy difference of the i? 17 = 1 and r 33 = 1 states in the order of 18, 19, and 21 cm" 1 depending on the choosen basis sets.
In our analysis the magnitude of the contribution of the potential parameter V[ 2 is relatively high, contrary to our expectation. This may be an indication that the model of a rigid frame and rigid internal rotors is not sufficient here because it is also possible that the shift of 15 cm -1 , introduced by the V{ 2 term, includes contributions from interactions with other molecular motions and is not only a consequence of a steric top-top coupling itself. It would be useful to compare potential parameters of TEB with its isomer cis-2,3-dimethyloxirane, where a stronger top-top coupling should be expected, but unfortunately the microwave data are not presently available. The partial disagreement of the microwave and IR-and Raman data suggests further studies.
